Abstract: An efficient,h ighly stereoselective asymmetric synthesis of fully functionalizedc yclopentanes bearinga n oxindole moiety and several other functional groupsi n one pot has been developed. Key step is an organocatalytic tripleM ichael domino reaction forming three CÀC bonds and six stereocenters, including aq uaternary one. Startingf rom equimolar amounts of simples ubstrates, ah igh molecular complexity can be reached after aW ittig olefination in one pot. The new protocol can easily be scaled up to gram amounts.
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Significant effort has been devoted to the development of synthetic strategies that rapidlyc onstruct diverse and complex molecular structures,n ot only fort he total synthesis of natural products but also to provide practical and sustainable methods for the preparationo fb ioactive compounds, such as pharmaceuticals and agrochemicals. [1] In this regard, asymmetric organocatalytic domino/cascade reactions have been intensively investigated in recent years owing to their well-known intrinsic advantages over classicala pproaches. [2] In 2006,o ur group reported the first multicomponent organocatalytic triple domino reaction, which opened an efficient access to functionalized cyclohexene derivatives. [3] While the majority of newly developed organocatalytic cascade reactions focuses on six-membered ring systems, [4] polysubstituted cyclopentanes [5] as common motifs in natural products andp harmaceuticals ( Figure 1 ) are of equali mportance. Thus, several efficient organocatalytic procedures for the asymmetric synthesis of cyclopentane derivatives have recently been reported. [6] We envisaged to develop an ew organocatalytic approacht of ully substituted cyclopentanes bearing multiple stereocenters by employing at riple domino reaction.
Oxindoles [7] have been intensively investigated owing to their broad biological and pharmacological activities. [8] In 2010, Bjçrkling and co-workersr eported that cyclopentane-containing oxindolesp ossess antitumor activity. [9] The racemic compounds were synthesized by at raditional stepwise procedure, and it was shown that the absolute configuration plays an important role for the antitumor activity. [10] Therefore, it is highly desirable to develop enantioselectivec atalytic proceduresf or the synthesis of such core structures. We envisaged that at riple domino reactioni nvolving aM ichael addition of an oxindolet oas trong electron-withdrawing unsaturated conjugated diene and subsequentd ouble Michael additions with cinnamaldehyde could provide an efficient and straightforward route for the asymmetric synthesis of fully substituted cyclopentane core structures bearing an oxindole unit.
Herein, we report such an ovel asymmetricM ichael/Michael/ Michael sequence to construct avariety of potentially bioactive products containing ac yclopentane ring through the formation of three CÀCb onds and six stereocenters (Scheme 1).
For the initial screening, we performed the reaction of oxindole 1a,u nsaturated conjugated diene 2,a nd (E)-cinnamaldehyde (3a)b yu sing diphenyl prolinol trimethylsilyl ether A as catalysti nC HCl 3 at room temperature, followed by ao nepot Wittig reaction( Ta ble1). To our delight,t he reactionu sing 0.3 equivalents of catalyst A proceeded well, affordingp roduct 4a in ag ood dominoy ield (40 %) with very good diastereoand enantioselectivity( 15:1 d.r.a nd 89 % ee;e ntry 1). When lowering the catalystl oading to 0.1 equivalents, the yield re- mained the same and the diastereoselectivity decreased to 5.5:1;h owever,t he enantioselectivity increased to 94 % (entry 2). The addition of benzoica cid as additivei ncreased the yield and diastereoselectivity slightly,b ut had an egative effect on the enantioselectivity (entry 3). Furthermore, no improvement waso btained when the reaction was performed at al ower temperature (entry 4). Increasing the catalyst loading to 0.5 equivalents led to product 4a in ag ood yield of 52 % with excellent diastereo-a nd enantioselectivity( 15:1 d.r.a nd 98 % ee;e ntry 5). When the startingm aterials 1a, 2,a nd 3a were added in portions, ab etter result was obtained (63 % yield, 15:1 d.r., and 99 % ee;e ntry 6). Using CH 2 Cl 2 insteado f CHCl 3 as solventr esulted in an improved yield of 70 %a nd excellent enantioselectivity (98 %), albeit with al ower diastereoselectivity (7:1 d.r.; entry 7). As ubsequents olvent screening revealed thatC HCl 3 was the best choice (entries 7-10). Several structurally similarp roline-derived catalysts B, C, D, E,a nd F were tested, but no better results were obtained (entries [11] [12] [13] [14] [15] . In addition, (S)-proline (G)w as ineffective for this reaction (entry 16).
With the optimized conditions in hand (Table 1 , entry 6), the substrate scope and limitations were explored. As shown in Scheme 2, substrates with variouss ubstituents at the 3-or 5-positiono ft he oxindole were tolerated. Oxindoles 1a-c bearing ap henylg roup at the 3-position reacted well with cinnamaldehyde 3a,p roviding the corresponding products 4a-c in yields ranging from 63-72 %w ith good diastereo-(7:1-15:1) and excellent enantioselectivities (97-99 %). Under the condi- HNMR spectroscopy and the ee value by HPLC analysisf or the major diastereomer.
[ a] Method A: all the reactions were performed by using 1 (0.5 mmol), 2 (0.5 mmol), 3a (0.5 mmol), and catalyst A (0.25 mmol) in CHCl 3 (4 mL) for 22 hatr oom temperature followedb y ao ne-pot Wittig reaction for 5h(reagent 5:0 .75 mmol), unless otherwise stated.
[b] Method B(seeT able 1).
Scheme1.Asymmetric synthesis of fully substituted cyclopentanesbearing an oxindole moietyt hrough atriple Michael addition (retrosynthetic analysis).
Chem. Eur.J.2015 Eur.J. , 21,1004 Eur.J. -1008 www.chemeurj.org tions of methodA ,p roduct 4d wasa lso formed in good results as well (57 %y ield, 11:1 d.r., and 99 % ee). Reactions with oxindolesc ontaining ab enzyl or methyl group at the 3-position afforded products 4e or 4fwith excellent enantioselectivities, albeit with diminished yields and diastereoselectivities (4e:3 0% yield, 3:1d .r.; 4f:4 4% yield, 2:1d.r.).
Next, we applied this protocolt oab road range of aldehydes 3b-f bearingv ariouse lectron-rich or electron-deficient aromaticg roups (Scheme 3). For example, methoxy,c hloro, and nitro groups were well toleratedi nt he reaction of cinnamaldehydes 3b-d with oxindole 2a,p roviding the corresponding products 4g-i in yields ranging from 61-65 %w ith excellent diastereo-and enantioselectivities (9:1-15:1 d.r.a nd 97-99 % ee). No significant differencei nt he outcome for product 4h was observedw hen employing either method Ao rB . The domino reaction also worked well when using al ower catalyst loading of 0.3 equivalents to obtain the desired product 4h (49 %y ield, 7:1d .r., and 98 % ee). For substrate 3e with an itro group at the ortho-position, the reactiona lso proceeded well, affording product 4j in 61 %y ield with 15:1 d.r.a nd 97 % ee.T of urther extend the substrate scope, ah eterocyclic 2-furyl a,b-unstaturated aldehyde 3f was tested under the conditions and product 4k was obtained in ag ood yield of 47 %w ith excellent enantioselectivity (99 % ee), albeit with al ow diastereoselectivity (3:1 d.r.) . To our delight, substrate 1e with ab enzyl group at the 3-position reacted well with cinnamaldehydes 3b and 3g,p roviding products 4l and 4m in good yields with good diastereoselectivities (47 %y ield, 8:1d .r. and 63 %y ield, 10:1 d.r., respectively), as well as excellent enantioselectivities (99% ee).
To test the scalability of the new protocol, we performed the reactiono nagram scale under the optimized conditions (methodB ); product 4a was obtained in ag ood yield of 68 % (2.3 g) with good diastereo-and excellent enantioselectivity (8:1 d.r.a nd 99 % ee). Furthermore, the tert-butoxycarbonyl (Boc) protecting group could be easily removed in the presence of trifluoroacetic acid (TFA) at room temperature from oxindole 4a to get the deprotectedc ompound 6 in 94 %y ield with 95 % ee (Scheme 4). The absoluteconfiguration of the stereocenters in compound 4a was unambiguously determined by X-ray crystallography (Figure 2 ). [11] Ap ossible mechanismi sp roposed in Scheme 5. The first Michael addition of oxindole 1a to (E,E)-5-nitro-2,4-pentadienoic acid ethyl ester (2)i si nitiated by the diarylprolinol silyl ether catalyst, which acts as aB r ønsted base in the process, providing an active intermediate I that was observed by mass spectroscopy. The activei ntermediate I reacts quickly with cinnamylaldehyde 3a through as econd Michael reactionv ia iminium activation,p roviding an intermediate II,w hich is further transformed to the product aldehyde 4a' by athird Michael reaction via enamine activation.T he final product 4a is then obtained by olefination of 4a' using the Wittig reagent 5.
In conclusion, an ovel organocatalytic domino protocol was developed to construct as eries of potentially bioactive, fully Chem. Eur.J.2015 Eur.J. , 21,1004 Eur.J. -1008 www.chemeurj.org substituted cyclopentanes bearing different functional groups including an oxindole moiety in good yields, very good diastereo-, and excellent enantioselectivities. It is worth noting that the one-pot tripleM ichael sequence creates three bonds and six stereocenters, including one quaternaryc enter,b y using equimolar amountso fr eactants under mild reaction conditions. Although ah igh catalyst loading (0.5 equiv) wasr equired for most substrates to obtain high diastereoselectivities, the protocol was also successfully applied to some substrates using al ower amount of catalyst( 0.3 equiv). The scalability of the new protocol to grams was demonstrated without loss in efficiency.
Experimental Section
General procedure for the organocatalytic domino reaction (described for the synthesis of 4a as at ypical example) Method A:Aglass vial (10 mL) equipped with am agnetic stirring bar was charged with 1a (154.6 mg, 0.5 mmol), 2 (86 mg, 0.5 mmol), 3a (66 mg, 0.5 mmol), and catalyst A (81.5 mg, 0.25 mmol). After adding CHCl 3 (4 mL), the reaction tube was purged by using an argon flow for 1min, then covered with aT eflon-coated screw cap. The reaction mixture was stirred at room temperature for 22 h. After addition of the Wittig reagent 5 (250 mg, 0.75 mmol) and purging by using an argon flow for 1min, the mixture was stirred for another 5h.T he resulting solution was then directly applied to flash chromatography (at first using pentane/ethyl acetate = 10:1, then pentane/ethyl acetate = 5:1a se luent) to afford the desired product 4a as ay ellow solid (180 mg, 54 %yield, 15:1 d.r., 98 % ee).
Method B:Aglass vial (10 mL) equipped with am agnetic stirring bar was charged with 1a (51.5 mg, 0.17 mmol), 2 (28.7 mg, 0.17 mmol), 3a (22 mg, 0.17 mmol), and catalyst A (81.5 mg, 0.25 mmol;s tarting materials 1a, 2,a nd 3a were divided into three portions). The reaction tube was purged by using an argon flow for 1min, then covered with aT eflon-coated screw cap after adding CHCl 3 (4 mL). After stirring at room temperature for 3h,t he second portion of 1a (51.5 mg, 0.17 mmol), 2 (28.7 mg, 0.17 mmol), and 3a (22 mg, 0.17 mmol) was added to the reaction tube. After purging by using an argon flow for 1min, the mixture was stirred for another 3h.A fter that, the third portion of 1a (51.5 mg, 0.17 mmol), 2 (28.7 mg, 0.17 mmol), and 3a (22 mg, 0.17 mmol) was added to the reaction mixture, which was stirred for another 16 ha fter purging by using an argon flow for 1min. Then, the first portion of Wittig reagent 5 (83.5 mg, 0.25 mmol) was added to the reaction tube. The mixture was stirred for 3h after purging by using an argon flow for 1min. After that, the second portion of Wittig reagent 5 (83.5 mg, 0.25 mmol) was added to the reaction mixture. The mixture was stirred for another 3h after purging by using an argon flow for 1min. The resulting solution was then directly applied to flash chromatography (at first using pentane/ethyl acetate = 10:1, then pentane/ethyl acetate = 5:1a se luent) to afford product 4a as ay ellow solid (209 mg, 0.31 mmol, 63 %yield, 15:1 d.r., 99 % ee).
For both cases, the major diastereoisomer could be isolated as ac olorless solid by using ap reparative TLC plate (hexane/isopropanol = 15:1 as eluent).
